The Dynamic Franz Keldysh Effect (DFKE) is produced and controlled in bulk gallium arsenide by quantum interference without the aid of externally applied fields and is spatially and temporally resolved using ellipsometric pump-probe techniques. The $3 THz internal driving field for the DFKE is a transient space-charge field that is associated with a critically damped coherent plasma oscillation produced by oppositely traveling ballistic electron and hole currents that are injected by two-color quantum interference techniques. The relative phase and polarization of the two pump pulses can be used to control the DFKE. We report the direct temporal and spatial resolution of the Dynamic Franz-Keldysh Effect (DFKE) [1] [2] [3] that is produced by an $3 terahertz (THz) space charge field that is associated with a critically damped ballistic plasma oscillation injected into bulk (100)-oriented gallium arsenide (GaAs) at T ¼ 300 K and 10 K by all-optical QUantum Interference and Control (QUIC) techniques. The DFKE is an example of extreme nonlinear optical phenomena 4, 5 that causes a modification of the near-band-edge direct absorption coefficient in the presence of a high-frequency field (as opposed to the conventional Franz-Keldysh effect [6] [7] [8] (FKE) which involves a low-frequency field). Although the DFKE was described theoretically decades ago, 9,10 observations have been rare, 1-3 they have been performed in the spectral regime, and typically provided no temporal information. In addition, sources external to the samples were used to generate the driving fields. In contrast, here, the driving field is a THz transient space charge field that accompanies the coherent plasma oscillations that are generated inside the sample by injecting a ballistic charge current using QUIC techniques.
Generically, QUIC processes take advantage of the phase-dependent interference between multiple pathways connecting the same initial and final states to control the final state of a quantum system. As such, they have become increasing important tools for optically controlling matter at the quantum mechanical level. A common approach is to use interference between mulitphoton absorption pathways.
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Early on, it was proposed that branching ratios in elementary photochemical reactions might be controlled using these techniques, and early demonstrations in atoms and molecules have included directional ionization, 12 photodissociation, 13 and molecular alignment. 14 However, many applications of QUIC have been in semiconductors, where these techniques have been used to ballistically inject carriers and to provide phase-dependent control of populations, momentum and spin. For example, QUIC has been used to control the charge density (without disturbing the spin) and the spin density (without disturbing the charge). [18] [19] [20] [21] In addition, charge currents (without any net spin polarization), [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] pure spin currents (with no accompanying charge current), [33] [34] [35] [36] [37] and spin-polarized currents 38 have been ballistically injected and phase-controlled by QUIC processes. QUIC has also been used to demonstrate a carrier-envelope phase sensitive photodetector 24 and, in a transient-grating geometry, to study subpicosecond spin and electrical current dynamics. [39] [40] [41] The most frequently used multiphoton QUIC technique (and the one that we use here) is to simultaneously irradiate the sample with an optical pulse and its second harmonic and to use the interference between the two and one photon absorption pathways to control the interband transitions, sometimes referred to as 2þ1 QUIC (although spin and charge currents also have been injected through interference of optical absorption pathways associated with the orthogonally polarized components of a single-frequency light field 42, 43 ). The polarization of the light and the symmetry and orientation of the sample select the interference processes that can occur; however, just as importantly, these parameters can be used to exclude undesired processes. Here, we use 2þ1 QUIC to inject a THz space-charge field that directly drives and controls the DFKE.
The experimental geometry for injecting, controlling and detecting ballistic THz space charge fields in GaAs by QUIC is shown in Fig. 1(a) . The injection process is the same as for QUIC charge currents and is discussed in detail elsewhere; 30 however, the detection process is modified significantly, as discussed below. The charge current is injected by the interference between two-photon absorption of a pulse with frequency x and single-photon absorption of the corresponding second harmonic pulse at 2x. The $200 fs [full width at half maximum of the intensity (FWHM)] x-polarized x pulse (1500 nm) with phase / x is obtained from a titanium: sapphire-pumped optical parametric oscillator (OPO) operating at 80 MHz, and the x-polarized 2x pulse (750 nm) with a phase / 2x is generated by frequency doubling in a beta barium borate (BBO) crystal. The two co-polarized pulses are copropagating along the [100]-direction and tightly focused to a diameter W $ 4 lm in a 0.4 lm-thick bulk GaAs sample (band gap E g ¼ 1.52 eV at 10 K), with the substrate removed to allow transmission measurements. The phase difference D/ ¼ 2/ x À/ 2x is controlled by scanning a piezo-electrically driven retro-reflector and modulated for detection by dithering an electro-optic modulator in a dichroic interferometer. The electrons and holes are initially injected into the conduction and valence bands with identical Gaussian spatial profiles and with large (typically $1000 km/s for the electrons), but oppositely directed, average ballistic velocities, v e sin D/ and v h sin D/, respectively, as discussed previously. 30 As the electrons and holes separate, a space charge field E sc (D/,x,t) develops that serves as a restoring force and causes the electrons and holes to oscillate, until electron-hole and carrier-phonon scattering destroys the coherent plasma oscillations. At typical carrier densities (5 Â 10 17 cm À3 ) injected by the pump pulses and for typical charge separations ($20 nm), peak space charge fields of $100's KV/cm are produced, and since momentum relaxation times are $50 fs, the oscillations are approximately critically-damped, are in the THz regime, and can be controlled by the phase D/ between the incident pump pulses. We show that this THz bandwidth space charge field produces a change in the absorption coefficient through the DFKE and, conversely, that the DFKE can be used to directly monitor the space charge field.
The DFKE is monitored by measuring the anisotropic D/-dependent differential absorption of a probe pulse at 810 nm by using a combination of half-wave (k/2) plate, Wollaston prism, and a sum or difference detector connected to a lock-in amplifier, as shown in Fig. 1(a) . The lock-in amplifier is tuned to detect the rapid dither frequency of the electro-optic (EO) modulator, while the piezoelectric transducer slowly scans D/.
The third-order (even) DFKE produces a change in absorption coefficient that is proportional to E sc 2 $ sin 2 D/ and, thus, a phase-dependent signal at 2D/. This behavior can be seen phenomenologically by viewing the DFKE contribution to the change in the probe absorption coefficient in terms of nonlinear mixing between the probe and the THz space charge field. The lowest-order nonzero DFKE polarization arises from an effective third-order susceptibility, v (3) , is quadratic (or even) in E sc , and can be written in the following form:
where P DFKE is the third-order polarization in the presence of
however, the near-band-edge absorption spectra for light polarized perpendicular and parallel to an applied DC field have been measured 44 and calculated 45, 46 for the ordinary FKE, and the low-field electro-absorption also has been calculated. 47 In all cases, the dichroism was small, but nonzero, consistent with our measurements. Terms associated with the second order susceptibility, v (2) , while allowed in principle, are symmetry forbidden for the [100] sample orientation used here.
By comparison, phase space filling (PSF) associated with time-dependent changes in the electron and hole densities that accompany the ballistic oscillations is known 30 to produce a change in the probe absorption coefficient that is proportional to sin D/ and, thus, a phase-dependent signal at D/ is also present. Typical time constants used for the lockin amplifier are such that signals at both D/ and 2D/ are passed; nevertheless, the 2D/ signal has not been reported previously. The reason is that the D/ signal passed by the lock-in is proportional to a first order Bessel function, J 1 (A), where A denotes the modulation amplitude of the electrooptic modulator. By contrast, the 2D/ signal is proportional to J 1 (2 A). Consequently, the 2D/ signal vanishes when D/ is maximized, as illustrated in Fig. 2 . Since PSF signals were optimized in previous experiments, DFKE were not seen nor studied. For the present measurements, the EO modulator amplitude A is set to the range $3-4 V, so that both D/ and 2D/ signals are detected.
The contrasting 2D/-dependence for DFKE and D/-dependence for PSF can be used to identify, separate and measure the DFKE. For example, when the k/2 plate is oriented at p/8 with respect to the y-axes in Fig. 1(a) , the sum of the two diode outputs is proportional to the sum of the x and y components of the phase-dependent differential transmission, i.e., it is proportional to [ðDa Da PSF is the isotropic PSF change at D/. A typical phase scan (i.e., change in the sum of the two diode outputs as function of D/) is shown in Fig. 3 for a fixed time delay (s ¼ 67 fs) and position (x ¼ À1.8 lm). Clearly, both D/ and 2D/ components are present, and each can be extracted using numerical nonlinear curve fitting techniques. The D/ and 2D/ components are extracted by repeating the scans illustrated in Fig. 3 as the probe is systematically spatially scanned across the pump region for a fixed delay, as illustrated in Fig. 4 (a). These spatial scans are then repeated as a function of time delay, e.g., Fig. 4(b) . Clearly the shapes of the spatial profiles for the D/ and 2D/ components (see Fig. 4(a) ) are dramatically different and also can be used to discriminate between the contributions of PSF and DFKE. As discussed previously in detail in Ref. 30 , if the original electron (hole) density spatial profile, N eðhÞ ðD/; x; y; s ¼ 0Þ, has a Gaussian shape, if that electron (hole) profile is assumed to rigidly shift a distance x eðhÞ during a ballistic oscillation period, and if x eðhÞ is small compared to the width W of the density profile, then the change in carrier density (and therefore the PSF) is the derivative of the original profile: DN eðhÞ ffi Àx eðhÞ dN eðhÞ =dx. For this reason, Da PSF ðD/Þ / DN is expected to have a derivative-like shape. In contrast, E sc is proportional to the spatial integral of the charge accumulation, DN eðhÞ , and since the integral of the derivative gives us the original profile once again, E sc has a Gaussian shape. Since Da DFKE ð2D/Þ / E 2 sc , it will also have a Gaussian shape, except narrower by ffiffi ffi 2 p . As shown in Fig. 4(a) , the DFKE signal has a Gaussian shape, and the PSF profile is shaped like the derivative of a Gaussianconfirming that we have isolated the DFKE.
Time delay measurements (e.g., Fig. 4(b) ) demonstrate that the space charge oscillations are critically damped and decay in roughly the momentum relaxation time. The Fourier transform of this signal exhibits a bandwidth of $3 THz. For these measurements, we adjust the probe position so as to maximize the DFKE signal and minimize the PSF (i.e., x ffi 0), and we fix the 2D/ phase.
The linear dichroism exhibited by DFKE is also measured by reorienting the k/2 plate along the y axis and Fig. 1 with the k/2 wave plate oriented at p/8 with respect to the y axis [as in Figs. 3(a)-3(c) ] and for the same fixed time delay and probe position. As illustrated, a small, but measurable, dichroism $10% is observed.
Clearly, these results demonstrate the all-optical control of the DFKE by QUIC and, conversely, the use of the DFKE to monitor QUIC processes. A phenomenological model based on a rigid shift of the initial electron and hole profiles 30 that incorporates nonlinear mixing between the probe and the THz space charge field reproduces the salient features in the data. All lines shown in Figs. 4 and 5 are simulations using such a model [details are beyond the scope of the present letter and will be presented elsewhere]. The distinction between the conventional FKE and DFKE regimes is often drawn in terms of a comparison between the pondermotive energy [E p ¼ e , where e is the electronic charge of a particle of mass m* in a periodic driving field of magnitude E and frequency x] and the photon energy Éx of the driving field. 9 For the FKE, E p ) Éx, and for the DFKE, E p $ Éx. We estimate E p /Éx$2 in our case. Recently, externally applied DC fields 8 have been used to modify which QUIC processes are allowed, but they take advantage of the conventional FKE (i.e., E p ) Éx). 
251110-4
Wang et al. Appl. Phys. Lett. 102, 251110 (2013) 
